Materials and methods

Data set
Five genome sequences, i.e., C. reinhardtii (Merchant et al. 2007) , P. patens (Rensing et al. 2008) , S. moellendorffii (http://www.jgi.doe.gov/), A. thaliana (TAIR), and O. sativa (IRGSP 2005) , were used for the comparative genomic analyses in the present work.
Homology search
BLASTP (Altschul et al. 1997) analyses of all protein sequences for four organisms except A. thaliana were performed against the reference data set, i.e. the proteins of A. thaliana and vice versa to extract best-hit gene pairs. For first screening, all BLASTP results were filtered by e-value Ϲ1.0E-8, hit length coverage м60% of both a query and a reference sequence, and identity м60% of hit length. Finally, only reciprocal best-hit gene pairs were extracted. The best-hit genes of four organisms were assigned to gene function categories using Arabidopsis Gene Classifier (http://kanaya.naist.jp/ GeneClassifier/top.jsp?fn=arabidopsis). Figure 1 shows the main window of KNApSAcK family (http://kanaya.naist.jp/KNApSAcK_Family/), which consists of eight parts. Species-metabolite relations can be retrieved by 'KNApSAcK Core System' which accumulated 80,029 species-metabolite relations comprised of 40,087 metabolites (6th Oct., 2009). 'Pocket' includes search systems for relationships between species and metabolites related to human life, such as 'Lunch Box' (edible plants in Japan), 'Tea Pot' (herb teas, in progress), 'KAMPO' (traditional Japanese medicines), 'Poison' (poisonous plants, in progress), and 'Fuel' (bio-fuel resources, in progress). Relationships between medicinal/edible plants and countries that utilize those plants are available in 'KNApSAcK from around the world' (at the top center, with the world map), which has accumulated 7,356 pairwise relationships between 119 countries and 4,538 medicinal/edible plants from records of scientific literatures (16th Sep., 2009). 'Typewriter' includes patent information concerning plants. 'Picnic' includes gene classification system for four species, i.e., A. thaliana, Bacillus subtilis, Homo sapiens, and Mus musculus (in progress). Gene function categories with five-level hierarchical structure based on references have been manually curated. Co-expressed genes for a target gene set can be retrieved by 'Strap' for two species, i.e., A. thaliana and B. subtilis (in progress). 'Treasure Map' is a visualization tool of metabolites based on van Krevelen Plot. Metabolic reactions are planned to be arranged in 'Motorcycle'.
KNApSAcK family
The pie chart of Figure 2 shows the proportions of all A. thaliana genes corresponding to 23 main functional categories defined in our classification system, called 'Arabidopsis Gene Classifier' (there are some genes belonging to multi categories), i.e., 'UNCLASSIFIED PROTEINS' (47.5%), 'METABOLISM' (12.7%), 'TRANSCRIPTION' (10.8%), 'CELLULAR COMMUNICATION/SIGNAL TRANSDUCTION MECHANISM' (6.2%), 'TRANSPORT FACILITATION' (5.3%), 'PROTEIN FATE (folding, modification, destination)' (5.0%) and etc. All gene function categories defined in the present study are listed in Supplemental Table 1 .
Statistical analysis
Overrepresented and underrepresented gene function categories associated with a target gene set can be identified by Fisher's exact test. The one-tailed Fisher's exact p-values corresponding to overrepresentation of categories were calculated based on counts in 2ϫ2 contingency tables. Counts n 11 , n 12 , n 21 , and n 22 of the contingency table are as follows: n 11 , number of observations of a particular category in the target gene set; n 12 , number of other categories in the target gene set; n 21 , number of observations of the particular category in background gene set; and n 22 , number of observations of other categories in the background gene set. The sums of n 11 , n 12 , and n 21 , n 22 are equal to number of top hit genes against A. thaliana, and number of query sequences of A. thaliana except top hit genes, respectively. Fisher's exact p-values were corrected to FDR pvalues (Benjamini and Hochberg 1995) .
Results and discussion
Comparative genomic analyses
To compare the overall sequence similarities among the genes of five plants, i.e., C. reinhardtii, P. patens, S. moellendorffii, A. thaliana, and O. sativa, we performed reciprocal BLASTP analyses and extracted top-hit genes against A. thaliana as discussed in detail in the Materials and methods section. Table 1 shows the summary of the results. The numbers of top-hit genes in C. reinhardtii, P. patens, S. moellendorffii, and O. sativa against A. thaliana were 585 (3.5%), 2,431 (6.8%), 2,428 (7.0%), 4,478 (16.6%), respectively. According to the fraction of top-hit genes out of total genes (query sequences) of each organism, C. reinhardtii is the farthest from A. thaliana among four plants and O. sativa is the closest to A. thaliana. P. patens and S. moellendorffii have similar percentage of top-hit genes and are located at the middle of C. reinhardtii and O. sativa. These results are consistent with the phylogenetic relationships among plants (Bowman et al. 2007) .
Despite millions of years of evolution, the lycophytes (including S. moellendorffii) have retained many developmental features thought to be ancestral or primitive for vascular plants (Bowman et al. 2007 ). So, we compared top-hit genes in S. moellendorffii to those of P. patens. We found 1,659 common genes, 772 P. patens specific genes, and 769 S. moellendorffii specific genes (in Figure 3) , suggesting that 772 genes of P. patens and A. thaliana might have derived from the common ancestor and needed only for the bryophytes and euphyllophytes but not for the lycophytes. In a similar way, 769 genes of S. moellendorffii and A. thaliana might be needed only for the lycophytes and euphyllophytes but not for the bryophytes. Out of 1,659 common genes, 429 genes were annotated to 'UNCLASSIFIED PROTEIN' category, which has no homologous genes associated with known functions to date, indicating that these might play important roles across the bryophytes, lycophytes and euphyllophytes.
Transcription factors are important regulators of gene expression. A superfamily of transcription factors is MYB superfamily, which has the largest number of members compared to any A. thaliana gene family (Riechmann and Ratcliffe 2000; Iida et al. 2005) . Out of top-hit genes in P. patens, three genes, i.e., gw1.65.181.1, e_gw1.61.201.1 and gw1.106.41.1, correspond to genes of MYB superfamily, At1g35515 (AtMYB8), At1g66380 (AtMYB114) and At2g31180 (AtMYB14), respectively. In S. moellendorffii, one gene, i.e., e_gw1.86.192.1, correspond to At5g52600 (AtMYB82). PlnTFDB (Riano-Pachon et al. 2007) indicates that P. patens an S. moellendorffii have 62 and 22 genes of MYB family, respectively. Our results suggest that those four MYB genes might have important roles in plants because of higher sequence similarities than other MYB genes.
The characteristics of four plants based on gene classifier system
To statistically estimate the functional differences of conserved genes among four plants, we used 720 thirdlevel categories in our classification system. Fisher's exact test based on 2ϫ2 contingency table was performed for four sets of top-hit genes. The threshold of FDR corrected p-value was set to 1.00E-2. Tables 2 (a)-(d) show all significant overrepresented categories. The numbers of significant categories in C. reinhardtii, P. patens, S. moellendorffii, and O. sativa against A. thaliana were 11, 36, 32, and 37, respectively. Eight categories were overrepresented in all results, e.g., 'ribosomal protein', 'intermediately carbon metabolism', 'small nuclear ribonucleoprotein (snRNP)', 'branched chain amino acids from aspartate', and 'isoprenoid biosynthesis', suggesting that genes associated with these categories are highly conserved among plants and probably play the important roles across all plants. Supplemental Table 2 shows GO terms of 'biological process' (TAIR) overrepresented in four species by the same way, indicating that the defined orders of hierarchical structure about terms are different, and some terms are obscure for understanding biological functions concerned with genes.
According to Rensing et al. (Rensing et al. 2004) , genes associated with the biosynthetic pathways of carotenoids were conserved in C. reinhardtii, P. patens and A. thaliana and paralog frequencies of those genes in P. patens were the highest. On the other hand, our analyses detected only three genes (At3g04870 (ZDS), At4g14210 (PDS) and At5g17230 (PSY)) in 'Carotenoid biosynthesis' in C. reinhardtii, while in addition to those three genes, 8, 7 and 13 genes were detected in P. patens, S. moellendorffii, and O. sativa, respectively. These three genes are related to the pathway from geranylgeranyl diphophate (GGPP) to lycopene, implying that out of many reactions in the biosynthetic pathway of carotenoids, the reactions from GGPP to lycopene catalyzed by PSY, PDS and ZDS should be essential and necessary across all plants. In the context of evolutionary process of plants, it can be said that the biosynthetic pathway of carotenoids might have started from these reactions.
Conclusion
We defined five-level gene function categories concerning A. thariana genes by surveying approximately 3,000 references and classified 14,525 of 27,677 genes into different functional categories. Based on the classification information, we have developed a freely available software tool called 'Arabidopsis Gene Classifier' for automatic functional classification of a set of target genes. Comparative genomic analyses of five plants by using the classification system revealed that the reactions from GGPP to lycopene catalyzed by PSY, PDS and ZDS in the biosynthetic pathway of carotenoids are essential and necessary across all five plants. Taken together, the gene classifier system is useful for estimating gene functions not only for A. thaliana but also for other organisms based on sequence similarity. The more the genomes of different plants will be 
